We investigate the influence of continuum generation on the photofragmentation dynamics of the toluene molecule. By sending an 80-fs Ti:sapphire laser beam through a 2-mm-thick CaF 2 plate we show that even moderately broadened laser frequency spectra considerably increase the degree of fragmentation, while it is nearly absent without continuum generation. The measured broadening of the frequency spectra and the known Raman-active vibrational modes of toluene afford an explanation in terms of a stimulated Raman scattering scheme, in which the molecule absorbs large amounts of vibrational energy. 
White-Light-Induced Fragmentation of Toluene
We investigate the influence of continuum generation on the photofragmentation dynamics of the toluene molecule. By sending an 80-fs Ti:sapphire laser beam through a 2-mm-thick CaF 2 plate we show that even moderately broadened laser frequency spectra considerably increase the degree of fragmentation, while it is nearly absent without continuum generation. The measured broadening of the frequency spectra and the known Raman-active vibrational modes of toluene afford an explanation in terms of a stimulated Raman scattering scheme, in which the molecule absorbs large amounts of vibrational energy. Introduction.-The study of white-light production induced by the interaction of an ultraintense laser pulse with condensed optical transparent media has been the subject of several recent investigations [1, 2] . Applications such as optical parametric amplifiers [3] for production of tunable ultrafast light pulses [4] or the use of glass-fiber techniques [5, 6] for ultrashort pulse generation are now available. Particularly this progress allows implementation and development of coherent control techniques, which are important for manipulation of molecular dissociation paths in laser-molecule ultrashort pulse interaction. The white-light continuum can also be used for time-resolved broadband absorption and excitation spectroscopy [7] , as well as for dynamic characterization of laser-induced structural transitions. The underlying process of femtosecond continuum generation, most probably generated by self-phase modulation [8, 9] , is far from being completely understood. It could be shown that the circumstances for observing white-light production are strongly related to a critical laser power threshold [10] 
where c and l are, respectively, the speed of light and the wavelength of the laser light (both in vacuo); n 2 is the nonlinear index of refraction, defined here as n n 0 1 n 2 E 2 (n 0 : linear refractive index; E: peak electric field strength), not to be confused with the alternative intensity-based definition of this quantity given by n n 0 1 gI. Lasers commonly used in intense-field photoionization experiments have powers of several GW, which is far beyond the critical power of optical materials commonly used. CaF 2 , for instance, has P cr ϳ 2.7 MW. Although any laser beam with a power exceeding this critical value could produce a white-light continuum in principle, the extent to which this happens strongly depends on the optical path length in the nonlinear medium and the intensity of the beam. A good measure of the extent of self-focusing (and, hence, of continuum generation) taking place when a laser beam travels over a distance L in the z direction through a medium with intensity-based nonlinear index g is given by the B integral, defined as [11] B 2p l
When this dimensionless number stays below a limit of 3 to 5 [11] self-focusing effects are negligible. An equivalent measure is the number Q, defined as [9] gIL͞ct (t pulse duration; I intensity). The present experiments are conducted under conditions where continuum generation starts to become noticeable as modulation and a moderate broadening of the frequency spectrum. As a consequence, we observe a marked influence on the ionization and dissociation dynamics of the toluene molecule. This molecule was chosen as an example; the basic nature of the induced behavior is general and is likely to play an important role in nearly all studies of molecular dissociation processes. The experimental setup is reported in previous work [12] . A Ti:sapphire laser system (Spectra Physics) is used, delivering 80-fs, 800-nm pulses at a repetition rate of 1 kHz with a maximum energy of 2.0 mJ͞pulse (shot-toshot stability 64%). The experimental studies reported are performed at the fundamental wavelength. The unfocused laser beam has a Gaussian spatial profile with a FWHM diameter of ͑5.37 6 0.02͒ mm. Assuming the temporal shape of the pulse to be Gaussian, we determine a FWHM of ͑80 6 1͒ fs, by standard autocorrelation techniques. Hence, the peak intensity of the unfocused beam is I 0 4.2 3 10 10 W͞cm 2 . The laser beam is focused in the first acceleration zone of a Wiley-McLaren -type time-of-flight (TOF) mass spectrometer [13] . Experiments are conducted with two different planoconvex, uncoated fused silica lenses with focal lengths of 300 and 1000 mm. For beam diagnostic purposes a flipper mirror is mounted behind the lens, which allows redirection of the beam to a CCD camera system protected with a variable attenuator. In this way the spatial profile of the focus can be analyzed 023001-1 0031-9007͞02͞ 88(2)͞023001(4)$20.00 © 2002 The American Physical Society 023001-1 outside the TOF for each lens independently. We use a 2-mm-thick CaF 2 laser flat as the entrance window of the spectrometer. This material was chosen because its large band gap of 10.2 eV [2] makes it particularly suited to continuum generation. It should be noted that a multitude of optical transparent materials often used would lead to white-light production under our experimental conditions [1] . Depending on the focal length of the lens used, the laser intensity at the entrance window can be chosen in the range ϳ2 3 10 10 to ϳ3 3 10 11 W cm 22 , corresponding to cumulative B-integral values between ϳ0.7 and ϳ1.5. We do not observe significant changes such as filamentation in the spatial beam profile when the laser energy is varied. A sector filter disk mounted in front of the lens enables attenuation of the beam by up to 2 orders of magnitude. This allows experiments with comparable laser intensities at focus but with different laser intensities at the entrance window. The frequency spectrum of the laser beam is recorded by using a fiber spectrometer (Ocean Optics SD2000) placed several meters behind the exit window (2-mm laser flat CaF 2 ) and centered at the optical axis.
Each spectral measurement is an average over 1000 laser shots. Toluene vapor (Merck Uvasol, purity 99.9%) is admitted to the vacuum chamber by means of a variable leak valve. Depending on the experimental requirements, the partial pressure was between 10 28 and 10 27 mbar. Under these conditions space charge effects or electron impact ionization of rest gases do not have any influence on the experiment.
Results.-First we demonstrate the influence of the increasing B-integral value on ionization and dissociation of toluene after short-pulse laser interaction. This experiment is performed with a 1000-mm lens. Mass spectra of toluene and the corresponding wavelength spectra are taken as a function of the intensity to which the CaF 2 entrance window is exposed (Fig. 1) . The ratio of the intensity at focus to that at the entrance window is I f ͞I w 20. The recorded wavelength spectra (Fig. 1a) are expected to be somewhat broader than those at focus, because the radiation passes through the exit window before it is analyzed by the fiber spectrometer. For better visualization the mass spectra of Figs. 1b and 1c are normalized to the parent ion mass peak (Fig. 1c) , and the vertical scale for the low-mass part of the spectrum (Fig. 1b) is expanded by a factor of 100. Clearly, increasing the intensity not only causes spectral broadening of the radiation (Fig. 1a) but also leads to increasing fragmentation (Fig. 1b) . To demonstrate this more quantitatively, we show in Fig. 1d , as an example, the increase of the sum of the yields for masses 27 (C 2 H 3 1 ), 39 (C 3 H 3 1 ), 51 (C 4 H 3 1 ), and 65 (C 5 H 5 1 ) for increasing I w . Many more peaks can be identified in Fig. 1b ; peak broadening and splitting due to kinetic energy deposition and doubly charged ions are observed as well.
In principle, the increased fragmentation observed in Fig. 1 could be due either to the increasing intensity or to the increasing radiation bandwidth. To shed further light on the fragmentation mechanism we have carried out an experiment with two different lenses: f 300 mm (Fig. 2a) and f 1000 mm (Fig. 2b) . Although the mass spectrum of peak intensities to which the CaF 2 entrance window is exposed (I w 7 3 10 10 W cm 22 in Fig. 2a and I w 3 3 10 11 W cm 22 in Fig. 2b ). We conclude that the increasing fragmentation as seen in Figs. 1b and 1d is the result of the increasing radiation bandwidth (Fig. 1a) , and not of the increasing intensity.
Discussion.-One possible mechanism by which an increased bandwidth can lead to increased fragmentation is a stimulated Raman scattering process. In such a scenario a significant number of difference frequencies are absorbed by Raman-active modes of the neutral toluene molecule and/or of ionized toluene. To support this view, we calculated the availability of difference frequencies. Having measured the spectral content S͑v͒ of the nonlinearly distorted pulses (Fig. 1a) , one can define the strength of a specific difference frequency v 0 as D͑v Fig. 3 , such difference frequency spectra D͑v 0 ͒ are shown for various intensities I w at the entrance window. Clearly, the range of difference frequencies available is significantly broadened if I w is increased, a particularly strong increase occurring between 200 and 800 cm 21 . Nine vibrational modes of the neutral toluene molecule exist in this range, eight of which are known to be Raman active [14] . Seven of these Ramanactive modes (vertical lines in Fig. 3) involve vibrations of the carbon backbone. The strong increase of D͑v 0 ͒ in this range can thus bring about strong vibrational excitation of the molecule, giving it enough internal energy to dissociate after ionization. Alternatively, part or all of the absorption of difference frequencies could take place in the ionized molecule. It is known that so-called soft ionization, i.e., photoionization of toluene with minimal fragmentation, takes place at 790 nm [15] , 750 nm [16] , and 375 nm [15] . Therefore, it seems improbable that any of the frequencies created is responsible by itself for the increased fragmentation. Another possible mechanism could be stepwise multiphoton resonant ionization. This would imply the availability in sufficient quantities of as many frequencies as there are steps in such a process, including the frequency of the first electronic excitation FIG. 3 . Availability of difference frequencies as derived (see text) from the measured wavelength spectra recorded with specified intensities I w at the CaF 2 entrance window (cf. Fig. 1a) .
[ (1) Because this concept is resonant, one might argue that it could be driven by undetectably small VIS/UV/VUV components in the frequency spectra of Fig. 1a . To clarify this issue, we made calculations based on analytical and numerical models for nonlinear spectral broadening [1, 9] . The Stokes and anti-Stokes cutoff frequencies we find are indicated as open circles in Fig. 1a and are in good agreement with experiment. Clearly, under our experimental conditions the anti-Stokes wing of the continuum does not even reach visible frequencies, so that a stepwise multiphoton resonant scheme can be ruled out. In our calculations, we find Q ø 1 [9] (Q ϳ 0.02), which confirms that there is only a very moderate degree of continuum generation with symmetric Stokes and anti-Stokes cutoff frequencies as shown in Fig. 1a .
Conclusion.-In conclusion, we have shown that moderate amounts of nonlinear spectral broadening may already lead to fundamental changes in the fragmentation behavior of a polyatomic molecule. An explanation is afforded by a stimulated Raman process allowing the molecule or the molecular ion to absorb large amounts of vibrational energy. The general nature of this phenomenon leads us to believe that it can be employed in coherent or optimal control of fragmentation.
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